In this paper, we jointly consider the downlink simultaneous wireless information and power transfer (SWIPT) and uplink information transmission in unmanned aerial vehicle (UAV)-assisted millimeter wave (mmWave) cellular networks, in which the user equipment (UE) locations are modeled using Poisson cluster processes (e.g., Thomas cluster processes or Matérn cluster processes). Distinguishing features of mmWave communications, such as different path loss models for line-ofsight (LOS) and non-LOS (NLOS) links and directional transmissions are taken into account. In the downlink phase, the association probability, and energy coverages of different tier UAVs and ground base stations (GBSs) are investigated. Moreover, we define a successful transmission probability to jointly present the energy and signal-to-interference-plus-noise ratio (SINR) coverages and provide general expressions. In the uplink phase, we consider the scenario that each UAV receives information from its own cluster member UEs. We determine the Laplace transform of the interference components and characterize the uplink SINR coverage. In addition, we formulate the average uplink throughput, with the goal to identify the optimal time division multiplexing between the donwlink and uplink phases. Through numerical results we investigate the impact of key system parameters on the performance. We show that the network performance is improved when the cluster size becomes smaller. In addition, we analyze the optimal height of UAVs, optimal power splitting value and optimal time division multiplexing that maximizes the network performance.
I. INTRODUCTION
A S AN emerging technology, the Internet of Things (IoT) is expected to offer promising solutions to transform the operation and role of many existing industrial systems such as transportation systems and manufacturing systems [1] . Expected to be commercially available in early 2020s, the fifth generation (5G) enabled IoT will connect massive number of IoT devices [2] , [3] . In certain applications, IoT sensors are low-power devices. In such cases, radio frequency (RF) energy harvesting is thus considered as an appealing solution to provide perpetual and cost-effective energy supply to power-constrained wireless devices [4] - [6] , and it is Manuscript anticipated to lead to numerous applications in future wireless IoT networks [7] . In conventional wireless power transfer (WPT) systems, energy transmitters are deployed at fixed locations, and therefore due to the RF signal propagation over potentially long distances, such systems can suffer from low end-to-end energy transfer efficiency [4] . In general, RF WPT is considered in the context of two key application scenarios, namely simultaneous wireless information and power transfer (SWIPT) and wireless powered communication networks (WPCNs). SWIPT explores the dual use of microwave signals to achieve WPT and wireless information transfer (WIT) both in downlink direction [8] , while downlink WPT and uplink WIT are performed in WPCNs [9] . Unmanned aerial vehicles (UAVs) have emerged as key enablers of seamless wireless connectivity in diverse scenarios such as large-scale temporary events, military operations and disaster scenarios, and of capacity enhancement in the occasional demand of super dense base stations (BSs), and UAVs are anticipated to be part of future generation wireless networks [10] - [13] . More specifically, in order to take advantage of flexible deployment opportunities [12] , and high possibility of line-of-sight (LOS) connections with a ground user equipment (UE) [14] , BSs can be mounted on UAVs to support wireless connectivity and improve the performance of cellular networks [13] . The flexibility of UAV BSs allows them to adapt their locations to the demand of UEs [13] , leading also to a new UAV-assisted WPT architecture. Moreover, such UAV-assisted communication systems are drawing attention from the IoT community as well [15] . These potential benefits and improvements motivate further studies on performance of the UAV-assisted cellular networks.
The system level analysis of a network strongly depends on the deployment of the BSs and the UEs. In most recent WPT UAV-assisted network analysis, BSs and UEs locations are modeled as independent Poisson point processes (PPPs). However, in practice UEs are expected to be more densely distributed in the areas where the UAV-BSs are deployed, e.g., in large temporary events, disaster areas. In an RF-powered IoT network, UAV are deployed to collect data from an area where there is a concentration of IoT UEs or there exists macro BS coverage deadzones. This naturally couples the locations of the UEs and the UAV locations. The third generation partnership project (3GPP) has considered the clustered configurations in which locations of the UE and small-cell BSs (UAVs) are coupled, in addition to the uniformly distributed UEs [16] . Therefore, Poisson cluster processes (PCPs) can provide accurate models for the UE distribution in a UAV-assisted cellular network, in which the UEs are clustered around the projection of the UAVs on the ground.
A. Related Studies
Recently, UAV-assisted WPT systems have been intensively studied in the literature. For instance, the authors in [4] considered a system where a UAV was dispatched to deliver wireless energy to charge two energy receivers (ERs) on the ground. The energy received by the two ERs was maximized by jointly optimizing the altitude, trajectory, and transmit beamwidth of the UAV. [5] considered a more general scenario with a set of ERs, where the goal was to maximize the amount of energy transferred to all ERs by trajectory control. In [6] , a WPCN scenario was addressed, where one mobile UAV could charge multiple ground UEs in downlink, and the UEs use the harvested RF energy to send information to the UAV in uplink.
The system-level analysis of UAV-assisted networks has also attracted much attention in recent literature. For instance, references [12] , [13] and [15] considered a two dimensional (2D) PPP UAV-assisted cellular network, where UAVs were distributed according to a PPP at the same height in the air. In [12] , the downlink coverage probability was explored, as well as the influence of UAV height and density. In [13] , different path loss models for high-altitude, low-altitude and ultra-lowaltitude models were discussed. In addition to the coverage probability, the area spectral efficiency was investigated. The model in [15] also took into account the system parameters such as building density and UAV antenna beamwidth. Besides the 2D PPP distributed UAV-assisted cellular networks, the authors in [11] considered a network in which a serving UAV was assumed to be located at fixed altitude, while a given number of interfering UAVs were assumed to have three dimensional (3D) mobility based on the mixed random waypoint mobility. Moreover, [17] considered a finite UAV network which was modeled as a uniform binomial point process (BPP). Several limiting cases were discussed, including the no fading case and the dominant interferer based case.
PCP has been intensively investigated recently in the literature. For instance, the authors in [18] considered networks in which the UE locations were modeled as a PCP with the BSs at the cluster centers. Reference [19] modeled a fraction of UEs and arbitrary number of BS tiers alternatively with a PCP. In [20] - [22] , the small-cell BSs were considered to be clustered and were modeled as PCPs. Reference [23] provided a framework to analyze multi-cell uplink non-orthogonal multiple access (NOMA) systems where the UE locations form a PCP. PCPs are also used in device-to-device (D2D) networks, e.g. [24] [25]- [28] , where the locations of the D2D devices were modeled as PCPs.
PCP models have also been considered in the system-level analysis of UAV-assisted networks. In [29] , the UAVs were assumed to form a PCP with the destroyed macro BSs as the parent nodes. The downlink network performance, i.e. the SINR coverage probability, area spectral efficiency and energy efficiency, were investigated. In [30] , UAVs were considered as BSs serving the UEs. The UE locations were considered as PCPs. SINR coverage probability was investigated as the network performance metric. Reference [31] considered the UAV networks in millimeter wave (mmWave) communications. The UAVs were the parent nodes and were 3D deployed at same height, while the UEs were the daughter nodes and their locations formed a Thomas cluster process. Reference [32] proposed a unified 3D spatial framework to evaluate the average performance of UAV-aided networks with mmWave communications. The UAVs and BSs were assumed to be PPP distributed and the UEs were distributed according to a PCP. During communication, a UAV received a message from a UE in the uplink transmission and forwarded the message to a ground BS in the downlink transmission. The heights of the UAVs were all assumed to be the same.
B. Contributions
In this paper, we consider UAV-assisted mmWave cellular networks, where the UEs are modeled according to a PCP and downlink SWIPT scenario and uplink data transmission are jointly considered. The considered scenario can also address downlink energy transfer to low-power IoT devices and data collection from them using UAVs. The contributions of the paper are listed as follows:
• A practical UAV-assisted mmWave cellular network with PCP distributed UEs is addressed and studied in detail. In addition to ground BSs (GBSs), UAVs are also deployed according to a PPP distribution, and the UEs are considered to be clustered around the projections of UAVs according to PCPs. In this paper we specialize the PCP to Thomas cluster processes and Matérn cluster processes. We characterize the complementary cumulative distribution function (CCDF) and the probability density function (PDF) of the distance from the typical UE to its own cluster center UAV, and other PPP-distributed UAVs and the GBSs. The CCDFs and PDFs are different from the existing studies on PCPs in two aspects: 1) the links being LOS or NLOS is taken into account; 2) the UAV height is incorporated. • We jointly consider the downlink SWIPT scenario and uplink information transmission, where in downlink phase UEs both harvest energy and decode the information from the same received signal provided by the associated BS (either a UAV or a GBS), and in the uplink phase the UAVs collect data from their cluster member UEs. To the best of our knowledge, this is one of the first studies that jointly consider the downlink SWIPT and uplink information transmission, i.e., the combination of SWIPT and WPCN, in UAV-assisted mmWave cellular networks. With this, we provide a comprehensive analysis on this topic. For instance, the design of the time sharing parameter τ makes it possible to control the cooperation of the downlink and uplink phases depending on the mission of the UAVs. • In the downlink phase, the largest received power association criterion is adopted and the power splitting technique is considered for the SWIPT scenario.
Association probability and energy coverage of the proposed network are analyzed and general expressions are provided. Laplace transform of the interference is determined. We also define a realistic successful transmission probability to jointly address the energy coverage and SINR coverage performances of the considered network. The largest received power association criterion we use here is different from the prior work on UAV-assisted cellular networks with PCP models (e.g., [29] , [32] ), since these studies adopted either the nearest association criterion or the random association criterion. And the largest received power association is more practical while being relatively more difficult to analyze. In addition, the adoption of the power splitting technique makes the model adaptive, since we can tune the power splitting component ρ to control the trade-off between energy harvesting and information decoding. Even though the SINR coverage probability analysis is similar to the analysis in existing works that incorporate PCP models, the energy coverage analysis and the successful transmission probability analysis are the key novel components of our work and are substantially different from the SINR coverage probability. For instance, the successful transmission probability requires the characterization of the CCDF of the interference. • In the uplink phase, each UAV is assumed to communicate with its cluster member UEs. According to the harvested energy of each UE in the downlink phase, UEs in the uplink phase are considered to be in either active mode or inactive mode. The Laplace transform of the inter-cell interference is again determined and the SINR coverage probability is derived. In addition, the average uplink throughput subject to a constraint on the downlink throughput is investigated to jointly address the downlink and uplink network performance. The Laplace transform of the inter-cell interference in the uplink analysis is non-trivial because of the PCP modeling. Moreover, due to the introduction of the of minimum harvested energy requirement and the consideration of the uplink average throughput optimization problem, the uplink phase interacts with the downlink phase, making the analysis more intricate. • We provide an extension to multi-tier multi-height networks, demonstrating that our analysis is relatively broad and can be applied to more general networks. Additionally, we address the special case of noise-limited networks and derive closed-form expressions for the uplink SINR coverage probability and the optimal power splitting factor ρ, maximizing the downlink successful transmission probability. • Via numerical results, several insightful characterizations are obtained. In particular, 1) it is shown that the system performance is improved when the cluster size becomes smaller; 2) optimal height of UAVs and optimal values of the power splitting parameter to maximize the system performance are determined; 3) in this network, the impact of the interference is negligible; 4) it is demonstrated that there exists an optimal time duration for the downlink phase that maximizes the average uplink throughput under a downlink throughput constraint; 5) the association criterion is shown to have impact on the SINR coverage performance; 6) it is observed that Thomas cluster processes and Matérn cluster processes lead to similar network performance trends. The rest of the paper is organized as follows: Network model and distance distributions are introduced in Section II and Section III, respectively. Section IV describes the UE association in both downlink and uplink phases. Section V focuses on the downlink coverage analysis, including the successful transmission probability. Section VI focuses on the uplink coverage analysis, including the average uplink throughput. We extend our analysis to a more general multi-tier multiheight UAV model and also investigate the special case of noise-limited networks in Section VII. In Section VIII, numerical and simulation results are presented to further investigate the network performance. Finally, a concluding summary is provided in Section IX. Proofs are relegated to the Appendix.
II. SYSTEM MODEL
In this section, we describe the considered UAV-assisted mmWave cellular network with PCP distributed UEs.
A. BS and UE Deployment 1) UAV and GBS Modeling:
The UAVs and GBSs are assumed to be distributed according to homogeneous PPPs Φ U and Φ G with densities λ U and λ G , respectively. All UAVs and GBSs are assumed to be transmitting in a mmWave frequency band and have transmit powers P U and P G , biasing factors to UEs B U and B G , respectively. The biasing factor indicates the association preference of the tier, i.e. when we increase the B of a tier, the UEs becomes more likely to be associated with the BS in that tier. All UAVs are assumed to be located at the same height H. We assume that all UAVs have enough energy resources to arrive at its 3D position in the air, communicate with UEs, and fly back.
2) UE Modeling: The locations of the UEs are assumed to form a PCP denoted by Φ u , and the ground projections of the UAVs are the parent nodes. In this paper, we adopt two particular PCPs: (i)Thomas cluster processes, where UEs are symmetrically independently and identically distributed (i.i.d.) around the projections of the UAV locations on the ground according to a Gaussian distribution with variance σ 2 ; and (ii) Matérn cluster processes, where UEs are distributed according to a uniform distribution within a circular disc of radius R c . Sample realizations of spatially-distributed UEs along with UAVs and GBSs are depicted in Fig. 1 , considering both Thomas and Matérn cluster processes.
Without loss of generality, in the downlink phase a random UE from a random cluster is chosen to be the typical UE and is assumed to be at the origin. To differentiate the distance from the typical UE to its cluster center UAV and the distance to other UAVs, we denote the cluster center as the 0 th tier UAV to the typical UE, and other UAVs and GBSs are the 1 st and 2 nd tier BSs, respectively. In the uplink phase, a UAV from a random cluster is chosen to be the typical BS. The descriptions of different tiers in the downlink phase are provided in Table I .
B. Downlink and Uplink Transmission
In this paper, we jointly consider downlink and uplink transmissions, where the UEs harvest energy and decode information from its downlink associated BS during downlink phase, and then send data to its cluster center UAV during uplink phase. The total time duration for downlink and uplink is assumed to be T (seconds). As shown in Fig. 2 , each time frame of T seconds is divided into downlink and uplink time slots with durations τ and (T − τ ), respectively. In the downlink phase, SWIPT scenario is considered, and more specifically the power splitting technique is used. Employing this technique, the UEs can harvest energy and decode the information by splitting the received signal into two streams. The power splitting parameter that represents the power fraction used for information processing is denoted by ρ. It's assumed the UEs have enough battery storage to store the harvested energy. In the uplink phase, UEs use the harvested energy to send data to their cluster center UAVs. It is worth noting that when τ = T , our model specializes to a downlink SWIPT network. Additionally, when ρ = 0, we recover the network model with downlink energy harvesting and uplink data transmission (i.e. the WPCN scenario).
C. Channel Modeling
Link between a UE and a BS can be either LOS or non-LOS (NLOS). The path loss model is formulated as
where j ∈ K, s ∈ {LOS, NLOS} and superscripts L and N indicate LOS and NLOS, respectively. In the j th tier, α L j , α N j are the path loss exponents for LOS and NLOS links, respectively, κ L j , κ N j are intercepts of the LOS and NLOS path loss formulas, respectively, and p L j (r) is the probability that the link has a LOS transmission at distance r.
1) Air to Ground: Similarly as in [14] , we formulate the probability of the LOS link between the UAVs and the UEs as
where θ = 180 π arcsin( H r ) is the elevation angle, H denotes the height of the UAVs, and B and C are specific constants that depend on the environment (rural, urban, dense urban, etc.). Note that since the 0 th and 1 st tier BSs are UAVs, we have p L 0 (r) = p L 1 (r) = p L U (r) in the path loss formulations in (1). 2) Ground to Ground: Considering mmWave transmissions, similar to [33] and [34] , we formulate the probability of LOS link between the GBSs and the UEs as
where is a constant that depends on the geometry and density of the building blockage process. The smaller is, the sparser the environment will be.
It's worth noting that since we distinguish the links between the UEs to the GBS as either LOS or NLOS, we assume the BSs in the 1 st and 2 nd tiers are divided into two independent PPPs Φ s j for s ∈ {LOS, NLOS}.
D. Antenna Gain
Considering that directional transmissions are performed in mmWave communications, we address a sectored antenna model in this paper, where M * and m * are the the main lobe gain and side lobe gain, respectively, and * ∈ {b, u} denotes the BS side or the UE side. We further assume that the antenna gain between the UE and the serving BS can achieve the maximum antenna gain G 0 = M b M u . On the other hand, we assume the beam direction of the interfering links is modeled as uniformly distribution over [0, 2π). Therefore, we can formulate the antenna gain of an interfering link as [34] 
where θ * for * ∈ {b, u} denotes the main lobe beamwidth.
E. Small-Scale Fading
Nakagami-m fading is a general fading model suitable under various conditions [12] , and hence we assume all transmission links experience independent Nakagami-m fading. 1 Denoted by h s , the small-scale fading gains (i.e., magnitude-squares of fading coefficients) follow Gamma distributions h l ∼ Γ(N l , 1/N l ) for LOS, while h n ∼ Γ(N n , 1 Nn ) for NLOS, where N l , N n are the Nakagami fading parameters for LOS and NLOS links, respectively, and are assumed to be positive integers.
A summary of notations is provided in Table II . The abbreviations of symbols that are used to simplify the expressions are not included.
III. DISTANCE DISTRIBUTIONS
In this section, we characterize the CCDF and the PDF of the distance from the typical UE to UAVs and GBSs in each tier. Fig. 3 provides an illustration of different distances. These distance distributions are subsequently employed to characterize the association probability in Section IV and the networks performance metrics in Section V and VI.
A. The Distance R 0 From the Typical UE to the 0 th Tier UAV
The distance from the typical UE to the projection of its cluster center UAV on the ground is denoted as D. Then the distribution of D can be expressed for different PCPs as follows [24] : 1 Note that Nakagami fading specializes to Rayleigh fading when m = 1. 
1) Thomas Cluster Process:
where x ≥ 0 and σ 2 is the variance of the UE distribution.
2) Matérn Cluster Process: where 0 ≤ x ≤ R c , R c is the radius of the cluster and ½(·) is the indicator function. Lemma 1: Given that the link between the typical UE and its cluster center UAV is in s ∈ {LOS, NLOS} transmission, the CCDF and PDF of R s 0 can be expressed as follows: (i) Thomas cluster process:
PDF:
where x ≥ H.
(ii) Matérn cluster process:
where
Proof: See Appendix A. Therefore, we can obtain the CCDF and PDF of R 0 as follows:
for Thomas cluster process,
for Thomas cluster process, 2x
B. 
is the probability that the typical UE has at least one LOS/NLOS GBS around.
D. The Distance R UU From a UE to the Other Cluster Center UAV
For Thomas cluster process, the PDF of the distance V from a UE to the ground projection of other cluster center UAV, given the distance W from the UE's cluster center UAV to the corresponding UAV, can be expressed as [24] 
where I 0 (·) is the modified Bessel function with order zero. For Matérn cluster process, the PDF can be expressed as [35] 
Then the PDF of R UU can be obtained as
IV. USER ASSOCIATION In this section, we focus on the downlink and uplink UE association criterion, and also provide the downlink association probability of each tier, from which we can determine how the UEs connect with the UAVs and GBSs.
A. Downlink Association
In the downlink phase, UEs need to harvest energy and decode the information from the associated BS (e.g., a UAV or a GBS). The strongest biased average power association criterion [36] , [37] is utilized, i.e. the UEs are assumed to be associated with the BS providing the strongest long-term biased average received power. Since the antenna gain of the main link is assumed to achieve the maximum value G 0 , the received power of the main link can be expressed as
where r s j is the distance from the typical UE to the nearest LOS/NLOS BS in the j th tier, and (a) follows from the fact that in each tier the transmit power and the biasing factor are the same, and therefore the maximum received power is from the nearest LOS/NLOS BS.
Lemma 3: The probability that the typical UE is associated with a LOS/NLOS BS in the j th tier is given by
Remark 1: In order to characterize the link level performance of the UAV-assisted network, we will need to find the distance distribution given that link. Therefore, given that the typical UE is associated with a LOS/NLOS BS in the j th tier, the PDFs of the distances from the typical UE to the associated BS can be expressed as follows:
And the proof follows the same way as the association probability in Appendix C.
B. Uplink Association
In the uplink phase, each UAV aims to collect data from one cluster, and hence the UAV is assumed to communicate with its own cluster member UEs. It is further assumed that different UEs in one cell are served using orthogonal resources, and hence no intra-cell interference exists. UEs from other clusters can inflict interference. It is worth noting that UEs may not be associated with the same BSs in downlink and uplink phases, due to the adoption of the strongest biased average power association criterion in the downlink phase.
V. DOWNLINK COVERAGE ANALYSIS
In this section, we first investigate the interference in the downlink phase, then analyze the network performance by the energy coverage and SINR coverage of each tier. Finally, we provide a successful transmission probability which can jointly consider both energy coverage and SINR coverage and can represent the downlink performance of the UAV-assisted cellular network.
A. Interference
Since the typical UE is assumed to be served by a BS which provides the largest biased received power P m , then if a UE is associated with a LOS/NLOS BS from the j th tier at distance r, there exists an exclusive disc q(0, Q sb kj (r)) in which no interfering BS exists. Therefore, the experienced interference at the typical UE can be expressed as follows:
where b ∈ {LOS, NLOS}, k = 1, 2, r 0 denotes the distance from the UE to its cluster center, and r k,i stands for the distance from the UE to the i th BS in the k th tier. It is worth noting that when the serving BS is from the 0 th tier, we have I 0 = 0, since there's only one BS in this tier.
B. Harvested Energy and Signal to Interference Plus Noise Ratio (SINR)
Since power splitting technique is employed with parameter ρ, the total harvested energy of the typical UE in the downlink phase can be expressed as
where τ is the time duration used for downlink phase, and P m = P j G 0 h j (κ s j r α s j ) −1 denotes the received power of the main link from the serving BS. We neglect the additive white Gaussian noise (AWGN) term in energy harvesting. It is worth noting that we assume linear energy harvesting, and the case of non-linear energy harvesting remains as future work.
Moreover, the experienced SINR at the typical UE can be expressed as
where σ 2 n is the variance of the Gaussian thermal noise component and σ 2 c is the noise factor due to the conversion of the received bandpass signal to baseband.
C. Energy Coverage Probability
The energy coverage probability can be defined as the probability that the harvested energy is larger than a certain threshold γ E > 0. Therefore, given the event S j,s = {The typical UE is associated with a LOS/NLOS BS in the j th tier}, the conditional energy coverage can be expressed as
Hence, the energy coverage probability of the entire network can be obtained by
where A j,s is the association probability given in (23), and P Ej (ρ, τ, γ E ) = s P c Ej,s (ρ, τ, γ E )A j,s is the energy coverage of tier j.
Theorem 1: Conditioned on that the typical UE is associated with a LOS/NLOS BS in the j th tier, the energy coverage probability can be expressed as follows:
is the conditional PDF of distances given in (24) . The Laplace transforms of the interference can be expressed as in (33) and (34) , shown at the bottom of this page, in which B d2 = max(H, Q sb kj (r)) for k = 1, and B d2 = Q sb kj (r) for k = 2. Proof: See Appendix D. Remark 2: We note that the provided analysis and expressions are general. To find the energy coverage probability of the Thomas cluster process and Matérn cluster process, we only need to substitute the corresponding PDFs and CCDFs in Section III for each cluster process in (32) .
Remark 3: Since the harvested energy is a linear funcion of the downlink duration τ , the energy coverage is a monotonically increasing function of τ . On the other hand, the energy coverage probability is monotonically decreasing function of the power splitting parameter ρ.
D. SINR Coverage Probability
The SINR coverage probability is defined as the probability that the received SINR is larger than a certain threshold γ sinr > 0. Therefore, given the event S j,s , the conditional SINR coverage probability of each tier can be determined using [37, Theorem 1] and expressed as follows:
where μ s j = nηsγsinrκ s j r α s j Pj G0
, η s = N s (N s !) − 1 Ns , N s is the Nakagami fading parameter.
Remark 4: From the downlink SINR expression, we can conclude that the SINR coverage probability is independent of τ . On the other hand, it is a monotonically increasing function of ρ.
E. Successful Transmission Probability
In general, the transmission is successful if the UE can both harvest enough energy to charge itself and has sufficient SINR levels for information decoding. Therefore, we define the successful transmission probability (STP) as follows.
Definition 1: Given that the typical UE is associated with a LOS/NLOS BS from the j th tier, the conditional successful transmission probability is defined as
Therefore, the total STP of the UAV-assisted mmWave network can be expressed as
Theorem 2: Given that the typical UE is associated with a LOS/NLOS BS from the j th tier, the conditional successful transmission probability of each tier can be expressed as
Ej,s (ρ, τ, γ E ) is the conditional energy coverage probability given in (32) , P c SIN Rj,s (ρ, τ, γ sinr ) is the conditional SINR coverage probability given in (35) , andF I (x) is the CCDF of I given event S j,s , whose expression is as follows:
whereâ = an x . Proof: See Appendix E.
VI. UPLINK COVERAGE ANALYSIS
In the uplink phase, UEs use the energy harvested in the downlink phase to transmit data to the cluster center UAVs. We assume all UEs transmit at the fixed power level of P UL t . Then, for successful uplink transmission, the harvested energy E hv for a UE should satisfy
If this condition is not satisfied, then the UE is assumed to be in inactive mode in the uplink phase, i.e. the UE is not able to transmit; otherwise the UE is in active mode. Therefore, we can obtain the probability that the UE is in active mode from the energy coverage probability derived in the previous section as follows:
(41)
A. Uplink SINR Coverage
A UAV from a random cluster is chosen as the typical BS, and a random active UE from the cluster is selected to be the transmitting UE. Note that the active UEs from other clusters will cause interference. Since the links between the typical UAV and the interfering UEs can also be LOS or NLOS, and at most one UE from one cluster inflicts interference, UE can be divided into groups of UEs with LOS and NLOS links, and these groups form PPPs Φ L user and Φ N user with densities λ L user = p active p L U λ U and λ N user = p active p N U λ U , respectively. Therefore, the experienced SINR at the typical UAV can be expressed as
where b ∈ {LOS, NLOS}. The uplink SINR coverage probability, given the serving UE is in active mode, can be expressed as
Theorem 3: Given that the serving UE is in active mode, then the uplink SINR coverage probability of the network can by expressed as in (44) 
B. Average Throughput
The average uplink throughput of the network can be expressed as
where W is the bandwidth of each channel. It is also worth noting that p active is related to the energy coverage probability in the downlink phase, and therefore the average uplink throughput has dependence also on the downlink phase. With this, we formulate the following optimization problem to maximize R UL subject to a lower bound constraint on the downlink throughput
where R DL = τW log(1 + γ sinr )P SIN R (γ sinr ) is the average donwlink throughput, R min is the minimum average throughput requirement for the downlink transmission. We numerically solve this problem in the Section VIII.
VII. GENERALIZATIONS AND SPECIAL CASES
While we have assumed in the previous sections that the UAVs fly at the same height, our analysis and approach are relatively broad. To demonstrate this, we extend our analysis to a multi-tier multi-height model in this section. Additionally, we address the special case of the noise-limited network and derive closed-form characterizations with practical implications.
A. Multi-Tier Multi-Height Model
In practice, UAVs can fly at different heights depending on the applications and regulations. For instance, UAV heights may differ in urban areas with high-rise buildings compared to suburban environments. With this motivation, we consider a multi-tier multi-height model, in which we have multiple tiers of UAVs and UAVs in the j th tier are distinguished with their density λ j , transmit power P j , biasing factor B j and height H j . Next, we discuss how our previous analysis can be adapted to this model.
Suppose we have K U = {1, 2, ..., K} tiers of UAVs. Then we introduce two notations: K G = {GBS} ∪ K U and K = {0} ∪ {GBS} ∪ K U . Since we still use the same downlink association criterion, the received power can be re-expressed as
Now, the probability that the typical UE is associated with a LOS/NLOS BS in the j th tier can be modified from (23) as
Similarly, the energy coverage, SINR coverage and the successful transmission probabilities can be modified from (32), (35) and (38) , respectively, by letting k ∈ K G . The CCDFs and PDFs of the distances remain the same.
B. Noise-Limited Model
In this subsection, we investigate the network performance metrics when the interference is negligible. When interference I ≈ 0, the energy coverage and SINR coverage probabilities can be simplified by removing the Laplace transform terms in (32) and (35), respectively. With this, the STP specializes to
The partial derivative of F with respect to ρ can be expressed as
Hence F is a monotonically increasing function of ρ. Therefore, depending on the values of τ , γ E and γ sinr , there are three cases:
STj,s = P c SIN Rj,s , which is a monotonically increasing function of ρ, while in region of F > 0 we have P c STj,s = P c Ej,s , which is a monotonically decreasing function of ρ, therefore, with increasing ρ, P c STj,s first increases then decreases, and F = 0 gives the maximum of P c STj,s , i.e. when (53), shown at the bottom of this page, is satisfied.
When we further assume that the uplink between the typical UAV and its cluster member UE is in LOS, and the path-loss exponent is α L U = 2 and the small-scale fading is Rayleigh fading, the uplink SNR coverage probability admits the following 
VIII. NUMERICAL RESULTS
In this section, we provide numerical results to evaluate the performance of the considered UAV-assisted mmWave cellular network and identify the impact of key network parameters on the performance. Unless stated otherwise, the parameter values are listed in Table III .
A. Impact of the Cluster Size
First we investigate the influence of the cluster size on the network performance. The cluster size here is the spatial size of the cluster. More specifically, for the Thomas cluster process, 68.27% of UEs are located inside a circular region with radius σ, and 95.45% of UEs are located insider a circular region with radius 2σ, and we choose σ as the cluster size. For Matérn cluster process, R c is the cluster size.
1) Downlink Association Probability: Fig. 4 shows the association probability (AP) as a function of the cluster size in the downlink phase. As shown in the figure, when we increase σ and R c , A 0 decreases while A 1 and A 2 increase. As σ and R c increase, the UEs move further away from the projection of the cluster center UAV and hence are more spread away. As a result, the UEs move closer to other UAVs and GBSs. Therefore, A 0 decreases. On the other hand, because of the LOS probability function, the link between the UE and the UAVs are more likely to be LOS, and consequently the UEs prefer to be served by UAVs with higher probability. For this reason, A 1 increases faster than A 2 . We also note that in Fig. 4 (and in the subsequent figures in this section), simulation results are plotted with * markers and we generally observe excellent agreements with the analytical results, further confirming, for instance, our characterizations in Lemma 3 in this case. Table III. 2) Downlink Coverage Probabilities: Fig. 5 shows the successful transmission probability (STP) as a function of the cluster size. Since the STP, energy coverage (EC), SINR coverage (SINRC) performances of each tier BS are similar, we evaluate the STP performance of each tier in the figure. In this figure, total STP decreases with increasing σ and R c . As expected, when σ and R c become larger, P ST0 (i.e., the successful transition probability in tier 0) diminishes while P ST1 and P ST2 increase. However, since the cluster center UAV can provide the maximum conditional coverage, the increase in P ST1 and P ST2 is not able to compensate the decrease in P ST0 , leading to the decrease in total STP.
In Fig. 6 , we observe that STP, EC and SINRC are all monotonically decreasing functions of σ and R c . Additionally, we note that since we consider the SWIPT scenario with ρ = 0.5, we divide the received power of the typical UE into two streams, one for energy harvesting and the other for information decoding. Due to this, the STP performance is lower compared to only EC or SINRC, where it is assumed that entire received power is used for energy harvesting or information decoding only.
3) Uplink Coverage Probability: We observe from Fig. 7 that the uplink SINRC is a monotonically decreasing function of the cluster size, similarly as in the downlink phase. When compared with the downlink SINRC (blue dashed line) in Fig. 6 , we notice in Fig. 7 that the uplink SINRC drops faster than the downlink SINRC for larger thresholds. This is due to the different association criteria in different phases. In the downlink phase, because of the strongest long-term averaged received power association criterion, when the UEs are more spread away from their cluster center UAVs, they can get associated with other UAVs and GBSs to get the strongest received power. But in the uplink phase, UAVs are receiving information from their cluster member UEs, and therefore when the UEs are far away, the uplink SINRC decreases substantially.
Again, we note that simulation results are also provided in all the figures using markers, and these results match with the analytical results, further validating the accuracy of our coverage analysis. Additionally, we observe in the numerical results that Thomas cluster processes and Matérn cluster processes generally lead to similar network performance trends, which gives us the insight that considering PCP rather than PPP is the key to capture the UE distribution. Therefore, for brevity, we will just provide numerical results considering Thomas cluster processes in the following subsections. 
4) Multi-Tier Multi-Height Model:
In this part, we assume there are three tiers of UAVs with heights 50m, 60m, and 70m, respectively, and density 3×10 −5 /m 2 . And all UAVs have their own clustered UEs on the ground. There is a tier of GBSs with parameter values listed in Table III . We randomly choose a UE from a cluster of the 50m-high UAVs, and provide the association probability and STP in Figs. 8(a) and 8(b) , respectively. In Fig. 8(a) , we observe that the association probability of the GBS does not change much when compared with the one-tier UAV model. And as σ increases, the association probabilities of 1 st , 2 nd and 3 rd tier UAVs increase. Fig. 8(b) shows the similar performance levels as in Fig. 5 . And the STP of the 1 st , 2 nd and 3 rd all increase with increasing σ.
B. Impact of the Interference
In this section, we investigate the impact of the interference. In Fig. 9 , we plot the EC, coverage probability and STP as a function of the threshold in the downlink phase. Since the GBSs with large transmit power are relatively far from the typical UE and the UAVs which are relatively denser and closer but with low transmit power, the interference is negligible. Therefore, as expected the interference does not lead to a significant difference on the probabilities. In the uplink phase, the interference from the UEs is small and has unnoticeable impact on the uplink SINRC.
C. Impact of the UAV Height
In this subsection, we investigate the impact of the UAV height on the network performance.
1) Downlink Association Probability: Fig. 10 depicts the AP of each tier BS as a function of H. When H = 0, the UAVs are located on the ground. Since the UAVs are more densely distributed than the GBSs, we have A 0 > A 2 > A 1 . Also because p L U is a monotonically increasing function of H, the LOS probability of UAVs increases with increasing H. Therefore, as H becomes slightly larger, AP with the cluster center UAV, A 0 , and AP with other UAVs, A 1 , increase while AP with GBSs, A 2 , decreases. On the other hand, when we increase H substantially (e.g., beyond approximately 20m), the UAVs start being high above the sky. Therefore, even though the LOS probabilities have grown, the distances between the UAVs and UEs have increased as well (increasing the path loss), while the distance between the UEs and GBSs have not changed. Due to this, we observe that A 0 and A 1 decrease whereas A 2 starts increasing. Fig. 8 . Association probability and STP as a function of σ for Thomas cluster process, when γ E = −40 dB, γ sinr = 0 dB, ρ = 0.5 and heights for 0-3rd tier UAVs are 50m, 50m, 60m, and 70m, respectively. The GBS is regarded as the 4th tier. Fig. 9 . STP, EC and SINRC as a function of the threshold when σ = 10, τ = T and ρ = 0.5 for the SWIPT scenario.
2) Downlink Coverage Probabilites:
The STP performance curves of each tier BS shown in Fig. 11(a) demonstrate the same trends as the association probability in Fig. 10 . In addition, the total STP initially grows, achieves its maximum around H ≈ 20m, and then decreases because of the increased Fig. 10 .
Association probability as a function of the UAV height with parameter values listed in Table III . distance between the UEs and UAVs when the UAV height H becomes larger. At these larger height levels, the increase in P ST2 cannot compensate the decrease in P ST0 and P ST1 . Fig. 11(b) shows that the EC and SINRC performances follow the same trends as for STP.
3) Uplink Coverage Probability: In the uplink phase, the UAVs are receiving data from their cluster member UEs. When UAVs are at relatively lower height, the transmission are NLOS with high probability because of the blockage from buildings and other large objects. Since the blockage becomes less when we increase the UAV height, the SINRC increases. However, above a certain height, the distance between the UAV and the serving UEs becomes large enough that the path loss starts dominating and as a result, SINRC diminishes. Therefore, as shown in Fig. 12 , SINRC increases at first and then decreases, and there exists an optimal height, which is not the same but very close to the optimal height in the downlink phase.
D. Impact of the Power Splitting Component
In this subsection, we investigate the impact of the power splitting parameter ρ on the network performance. From Fig. 13 , we can conclude that EC is a monotonically decreasing function of ρ and SINRC is an increasing function of ρ, due to the facts that larger ρ means that more power is used for information decoding and less power for energy harvesting. Using the given set of parameter values, we observe that there exists an optimal ρ value that maximizes the system downlink performance. Since in this model, the interference is negligible, we can use (53) to approximately find the optimal value of ρ. By substituting the parameter values in (53), we obtain ρ = 0.7603 and this is consistent with what we have from the numerical result.
E. Impact of the τ
In this section, we investigate the effect of the time duration τ allocated to the downlink phase. Fig. 14 shows the average uplink throughput as a function of τ and ρ under the constraint that the average downlink throughput R DL is larger than R min (addressing the optimization problem in (48)). As shown in Fig. 14(a) , R UL decreases with increasing ρ, since larger ρ means less power for energy harvesting. On the other hand, since R DL is a monotonically increasing function of τ , if we want to satisfy the minimum throughput requirement, there is a minimum value of τ . Therefore, as shown in Figs. 14 (a) and (b), when τ is smaller than a certain value, the minimum downlink throughput constraint cannot be satisfied and the optimization problem in (48) is not feasible. When τ increases, the downlink constraint is satisfied, and we note that there is an optimal τ that maximizes the average uplink throughput.
IX. CONCLUSION
In this paper, we have jointly considered the downlink SWIPT and uplink information transmission in UAV-assisted mmWave cellular networks, in which the UE locations are modeled using Thomas cluster processes and Matérn cluster processes. Distinguishing features of mmWave communications, such as different path loss models for LOS and NLOS links, and directional transmissions, are taken into account. We have characterized the CCDF and PDF of the distance from the typical UE to its own cluster center UAV, the nearest PPP-distributed UAV and the nearest GBS. In the downlink phase, we have determined the association probabilities of each tier BS. In addition, we have considered the power splitting technique in the SWIPT scenario, which allows the UEs to harvest energy and decode information simultaneously using the same received signal. We have characterized the energy and SINR coverage probabilities of the considered UAV-assisted mmWave cellular network. Moreover, we have defined the successful transmission probability to jointly analyze the energy and SINR coverages and we have provided general expressions. In the uplink phase, we have considered the scenario that each UAV receives information from its own cluster member UEs. SINR coverage has been derived and general expressions are provided. In addition, we have formulated the average uplink throughput, aiming to find the optimal time division multiplexing for downlink and uplink phases. Finally, via numerical results we have investigated the impact of key system parameters on the network performance. We have shown that the system performance is improved when the cluster size becomes smaller. In addition, we have analyzed the optimal height of UAVs and optimal power splitting value that maximize the system performance. Optimal time division has also been addressed to maximize the average uplink throughput. We have verified that Thomas cluster processes and Matérn cluster processes can lead to similar system performance trends.
APPENDIX

A. Proof of Lemma 1
We can express the CCDF as 
where x ≥ H, s ∈ {LOS, NLOS}. Therefore, we can get the PDF as follows:
B. Proof of Lemma 2
Since the UAVs are assumed to be located at the same hight, the distribution of the UAVs is a 2-D PPP. Given that there is at least one LOS/NLOS UAV around the UE, we have 
where s ∈ {LOS, NLOS}, A(x) is the area of the circle with radius x in the air, λ s U is the density of s UAVs, (a) is from [40, Section III. A] and (b) follows from the integration of the area using polar coordinates.
C. Proof of Lemma 3
Let us define two events S 1 = {The typical UE is associated with a j th tier BS} and S 2 = {The associated link is in s ∈ {LOS, NLOS} transmission}. Now we have
where (a) is due to the definition of the association probability, and (b) follows from the Bayes' theorem.
1) The Association Probability of the 0 th Tier UAV:
k , and (a) is due to the fact that there is only one UAV in the 0 th tier and the LOS BSs and NLOS BSs in the 1 st and 2 nd tier are independent.
2) The Association Probability of the j th Tier BSs: A j,s is given in (59) 
D. Proof of Theorem 1
Given S j,s = {The typical UE is associated with a LOS/NLOS BS in the j th tier}, we can express the conditional energy coverage probability as
where P m is the received power of the main link, 
of P m , I 0 , I 1 and I 2 given S j,s . (d) is calculated by using the moment generating function (MGF) of a normalized Gamma random variable. 1) For I 0 : Since I 0 only exists when the typical UE is associated with the 1 th tier UAVs or the 2 nd tier GBSs, we have (a) is due to the fact that there is only one BS in the 0 th tier which can be in LOS or NLOS transmission with antenna gain G, and (b) is because of the MGF of a normalized Gamma random variable.
2) For I k (k = 1, 2):
where B d2 = max(H, Q sb kj (r)) for k = 1, and B d2 = Q sb kj for k = 2. (a) follows by computing the moment generating functional (MGFL) of PPP.
Therefore, by substituting (61) -(64) into (60), we can obtain (32) .
E. Proof of Theorem 2
Given S j,s , we can derive the conditional successful transmission probability as in (65) SinceF I (x) = È(I > x) and this is similar as the energy coverage probability when P m = 0, we can obtain the expression ofF I (x) following the derivation in Appendix D by replacing γ E and ρ with x and 0.
F. Proof of Theorem 3
We can express the SINR coverage probability in the uplink phase as 
Laplace transform expression and can be further analyzed as in (67) 
